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ABSTRACT

3 3741

Calculations are presented for approximating the adsorption energies
of argon and helium atoms, and hydroxyl ions on magnesium oxide
(MgO) surfaces, with consideration being given to abnormal, highly
active sites. Results indicate extremely high (>>100kcal/mole)adsorption
energies for these species (in certain active sites) that are unlikely to
be removed in thermal treatment. The number of such active sites is
calculated, the ease of determination of impurities located in such
active sites is evaluated, and methods of reducing such contamination
by adsorption are discussed. Findings indicate that rearrangement of
surface structure is unlikely in MgO and that adsorption of gas is the
most likely mechanism by which MgO can lower its surface free energy.

I. INTRODUCTION

Considerable emphasis in ceramic research has been
placed on the quantity and distribution of impurities in
polycrystalline magnesium oxide (MgO). However, the
quantity of one of the more common contaminants, the
hydroxyl ion (OH-), is seldom reported. More detailed
chemical analysis of MgO indicated OH- to be present in
atomic amounts from 100 to 1000 ppm in fabricated speci-
mens and to remain in those specimens that were heated
to as high as 2200°C. Since a likely source of OH- in dense
MgO would be from surface adsorption of water on the
particles from which the specimens are made, this study
of the subject was undertaken. Some consideration was

given to adsorption of species other than OH- to avoid
ignoring other contaminants and to develop possible
replacements for OH- contamination that would be more
easily removed.

In the author’s review of the literature, a great deal of
empirical data was found on surface behavior of MgO,
however, thorough treatment of the theoretical calcu-
lation of such data was lacking. One comprehensive article
(Ref. 1) on such theory was noted that, although it did not
treat MgO in any detail, provided a basis for the appli-
cation of existing surface theory to MgO.
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Il. SURFACE ENERGY

Magnesium oxide, an ionically bonded compound, is
considered to exist structurally of a three-dimensional
array of positive and negative ions. Each Mg is sur-
rounded by six O- ions, and each oxygen ion is surrounded
by six magnesium ions; the bonding energy is equal in all
six directions. However, at the surface of a MgO crystal-
lite, the periodic array ends, and the coordination number
of the surface ions is less than six; here, the bonding
energy is distributed in fewer directions than in the bulk
of the material. Because of the lower coordination in the
surface, the residual bonding energy of the ions that is not
directed to neighboring ions is manifest as the surface
energy of the solid. The surface energy is, thus, some frac-
tion of the bonding energy.

The surface energy of any substance is defined as the
free-energy change in bringing an atom or an ion from
within the bulk of the substance into the surface layer;
expressed in ergs/cm? it is the free energy required to
increase the surface area by 1 cm® Every system tends to
move toward a position in which state the surface free
energy and the bulk free energy have minimum values.

The surface free energy can be lowered intrinsically
either by reducing the surface area or by adjusting the
surface composition so that the component of least energy
is present in the outermost layer. This adjustment, referred
to as the Gibbs adsorption process, is the rearranging of
the surface composition so that the larger ions are present
in the surface layer in excess of the stoichiometric amount,
thereby lowering surface energy of the substance. Polari-
zation of the larger ion in the surface will further reduce
the surface energy, and polarization will be greater for
large ions having small charges.

When applied to the surface of an oxide, these prin-
ciples suggest that the presence of cations at the surface
contribute to a higher free energy. This free energy may
be lowered intrinsically in an oxide by either (Ref. 2) of
two processes: (1) the retraction of the surface cations
so that anions, only, are predominantly present in the
surface layer or (2) the polarization of surface anions.

The efficiency of the surface cation retraction mecha-
nism depends on three structural properties: (1) the pres-
ence of more anions than cations, (2) a low cation/anion
radius ratio, i.e., < 0.5, and (3) a low melting point. If

surface ions are to rearrange their lattice positions to form
a low-energy surface, movement of these ions must take
place. In high melting point substances, the activation
energy for this motion is high, and hence, a low-energy
surface can be formed only at high temperature. The
existence of such a surface also implies the existence of
cations m disordered position just below the surface; this
position may, by raising the bulk free energy, offset any
decrease in surface energy. In very small particles, any
change in bulk free energy as a result of the above de-
scribed process represents a large fraction of the total
bulk free energy. Thus small particles cannot exist with
disordered surface layers since this tends toward a totally
disordered and, hence, unstable lattice. There is evidence
to indicate that small particles cannot exist with dis-
ordered structures (Refs. 3 and 4). With larger particles,
however, a disordered layer in the surface can be tol-
erated, since any change in bulk free energy is then a
small fraction of the total bulk free energy. Consequently,
even though the cation/anion radius ratio for MgO is
relatively low (0.47), the other criteria for this model to
exist are not optimum. Therefore, this model probably is
not valid for MgO.

Lowering surface energy in MgO by polarization of
surface anions has not proved likely. The surface oxygen
ions are not strongly polarized by divalent cations unless
the cation size is low—an example is the case of beryllium
(rge» = 0.31 A). The polarization influence should be
noticeable. Indeed, beryllium does show covalent prop-
erties in bonding and a coordination number of 4. In the
class of oxides of magnesium to barium (radius > 0.47 A),
with coordination number of 6 and little covalency, the
small polarizing power of these cations is not expected to
affect the surface energy markedly as a result of polari-
zation of the oxygen ion.

Thus, MgO cannot lower its surface energy by either
of these processes—submergence of surface cations or
polarization. Therefore, adsorption of gas remains as the
most likely mechanism by which MgO can lower its
surface free energy. The process is likely to be the more
important at low temperatures when ions are immobile
for such high melting-point substances as MgO, which has
a melting point of 2800°C. Further, the process is of even
greater importance for any such oxides having either a
high cation/anion ratio or a high cation/anion-radius ratio,
since each of these states makes it difficult to shield the
cations.
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The amount of surface energy of MgO produced by
these unshielded cations has been determined by Gilman
(Ref. 3), using cleavage measurements, to be 1200
ergs/cm®. Solution by heat measurements gave values of
1040 ergs/cm?, and by atomic theory gave values of 1300
to 1440 ergs/cm®. Nicolson (Ref. 6) calculated the surface
tension of MgO and verified his results with lattice param-
eter measurements. Nicolson took into account various
forces—Coulomb energy, van der Waals forces, repulsion,
ion-dipole, like-dipole and unlike-dipole forces—and cal-
culated a value of 6573 erg/cm? for surface tension, a
value about 5 times greater than the surface energy which

is not unreasonable for ionic solids. These atoms, mole-
cules, or ions are not held by the surface energy, as such,
even though their presence is a result of surface energy;
they are held by interactions of electron movement, elec-
tron exchange, and by induced polarization of the surface.
If an inert gas were to interact with the surface of
MgO to a degree of satisfying the surface energy, only,
and did not enter into any complexed interactions, we
could, by using Nicolson’s calculated value for surface
tension, determine the maximum binding force of such
an adsorbed molecule. Such a calculation is presented in
Section IIIL.

li. BINDING ENERGY RESULTING FROM SURFACE

There are no special adsorption forces. The forces that
hold a visiting molecule at a surface are exactly the same
as the forces that form molecules from atoms, crystals
from molecules, etc. The forces involved in binding a
crystal together can be calculated in many cases to any
desired degree of accuracy. However, adsorption energy
is difficult to calculate because little is known about three
conditions: the real structure of the surface, magnitude
of the repulsion forces, and real distance of adsorbed
atom from the surface.

Despite these unknowns, the nature of adsorption forces
and the approximate magnitude of adsorption energies
can be determined for some species on some structures.

The Nicolson value for surface tension is used to cal-
culate the binding energy of adsorbed atoms as a result
of surface energy on a 100 A particle:

surface area

—ole = binding energy

Tension X

6500 erg > 7.52 X 107 cm* _ 4.88 X 10" erg
cm® mole mole

Then conversion of units gives

4.88 X 10" erg J cal _ 11.65 kcal

mole 107 ergs X 4.18] mole

A value of 11.65 kcal/mole is not unreasonable for the
total energy in the physical adsorption of a gas on an ionic
solid. However, the adsorption of a gas varies with the
amount of surface covered and the number of layers of
gas adsorbed. If we assume an exponential distribution
such that

11.65 kcal/mole = / ’ ede =¢ —1

x = 2.53 kcal/mole

The value 2.53 kcal/mole would then represent the strong-
est bonding available derivable from the surface energy.
This, again, is not unreasonable when considering physi-
cally adsorbed gases. But as stated previously, surface
energy is not the only factor; other forces can be involved
in the bonding of a gas molecule to the surface. The
magnitude of these other forces may be 10 to 100 times
the magnitude of the forces from the surface energy alone.

The detailed calculation of the forces involved for the
many combinations of adsorbed sites, adsorption process,
and adsorbed gases involves approximately 2000 combina-
tions. Thus, some selection and interpretation were neces-
sitated during the calculation. The calculations that were
made, and their interpretation, are listed in Appendix A.
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IV. BINDING ENERGY RESULTING FROM INTERACTION OF ATOMIC FORCES

The various adsorption forces calculated in the appen-
dix are summed to give a total adsorption energy. Tables 1
through 5 list the various forces for hydroxyl, argon, and

helium species adsorbed at various sites on the surface of
MgO. It is interesting to note that, for the different
adsorbed molecule-surface combinations considered, all

-]
1.54 A

Fig.1. Surface structure models for surface adsorption calculation

Table 1. Adsorption energy of hydroxyl ion over magnesium ion (Fig. 1a)

Adsorption energy, kcal /mole
F .
oree Face Edge Active End Hole
corner
Coulomb -1 —14 -39 —138 -n
Polar van der Waals, dipole Lacking Lacking Lacking Lacking Lacking

Polar van der Waals, ion —29 —29 —23 Negligible <-—-29
Electrostatic polarization —-13 —-16 —43 —149 Negligible

Dispersion —-16 —16 —12 —40 -3

Total —69 —-75 -117 —327 <-71

Table 2. Adsorption energy of hydroxyl ion over oxygen ion
(Fig. 1b without regard to dipole)
Adsorption energy, keal/mole
Force i
e Face Edge Active End Hole
corner
Coulomb +7 +10 +28 +97 +7
Polar van der Waals, dipole Lacking Lacking Lacking Lacking Lacking

Polar van der Waals, ion —20 —-19 —16 Negligible < -—-20
Electrostatic polarization -3 —4 -10 —36 Negligible

Dispersion -7 -7 —6 —14 —14

Total —23 —20 —4 +47 <-27




Table 3. Adsorption energy of hydroxyl dipole over oxygen ion (Fig. 1b)
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Adsorption snargy, kcal/mole
Force
Face Edge Adtive End Hole
corner
Coviomb Lacking Lacking Lacking Lacking Lacking
Polar van der Waals, dipole —14 —15 -19 —36 >--14
Polar van der Waals, ion Lacking Lacking Lacking Lacking Lacking
Electrostatic polarization -3 —4 —-10 —36 Negligible
Dispersion -7 -7 —6 —14 —14
Total —24 —26 —~35 —86 >—28
Table 4. Adsorption energy of argon atom over magnesium (Fig. 1c}
Adsorption energy, keal/mole
Force Active
Foce Edge End Hole
Coulomb 4 Lacking Lacking Lacking Lacking Lacking
Polar van der Waals, dipole Lacking Lacking Laocking Lacking Lacking
Polar van der Waals, ion tacking Lacking Lacking Lacking Lacking
Electrostatic polarization -9 —10 —19 —55 Negligible
Dispersion —9 —9 -7 —22 —19
Total —18 —19 —26 -77 —19
Table 5. Adsorption energy of helium atom over magnesium ion {Fig. 1d)
Adsorption energy, keal/mole
Force Active
Face Edge comner End Hole
Coulomb Lacking Lacking Lacking Lacking Lacking
Polar van der Waals, dipole Lacking Lacking Lacking Lacking Lacking
Polar van der Waals, ion Lacking Lacking Lacking Lacking Lacking
Electrostatic polarization <-—2 —3 -7 —24 Negligible
Dispersion Negligible Lacking Lacking Negligible Negligible
Total <-—2 -3 -7 —24 Negligible
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of the sites that constitute the majority of those available
for adsorption in a powder (i.e., face, edge, holes due to
overlapping particles) have approximately the same ad-
sorption energy. Active sites, such as corner and end sites
(where crystal growth stops on a face), although limited
in number, show adsorption energies from 2 to 4 times the
energy of the other sites considered in the case of OH- on
a Mg+ site. If this relative magnitude of the adsorption
energy is approximately correct, molecules absorbed at
active corner and end sites would be very difficult to
remove.

In comparing the adsorption energies of the different
molecules, the inert gases argon and helium should desorb
more easily from all surface sites—including the most

strongly bonded end sites—than would the hydroxyl ions
adsorbed on the surface. When comparing the adsorption
of hydroxyl at different positions, the magnitude of the
forces indicated that the hydroxyl ion would be preferen-
tially adsorbed over a magnesium ion on the surface.

These energy considerations demonstrate the strong
bonding to be expected with OH- in certain active sites in
MgO. Also of concern is the quantity of OH- to be intro-
duced by such sites. Geometric calculations of such quan-
tities are summarized in Fig. 2. The detailed calculations
for the number of such sites are contained in Appendix B.
The face sites are listed for partial coverage, since experi-
mental (Ref. 7) evidence indicates this to be the lower
limit of hydroxy! detection by IR spectroscopy.

100,000

ppm OH™ vs
PARTICLE SIZE

10,000

1000

100 |_< FACE SITES

EDGE SITES

) END SITES

HYDROXYL IONS, ppm atomic

(0.5% COVERAGE)

r CORNER SITES

10,000 1000

100 10

PARTICLE SIZE, A

Fig. 2. Hydroxyl concentration vs particle size, assuming
occupancy of various sites on a cube
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V. DISCUSSION

A. Surface Adsorption

When the basic carbonate, 3MgCO, « Mg(OH), - 3H,O,
that is produced at JPL is calcined at approximately
700°C, the resulting crystallite size is about 150 A. From
other observations (Ref. 8), the oxide probably consists of a
spongy aggregate, relics of the parent crystals, Electron
microscope observations (Ref. 9) of air-calcined basic car-
bonate show the MgO aggregate to be made up of rectan-
gular overlapping plates. The MgO crystallites in this
configuration would offer sites for strong bonding by
processes discussed in Appendix A. Since it has been indi-
cated that the likely way in which MgO can lower its
surface free energy at moderate temperatures is by gas
adsorption, this process will occur. If the adsorbed gas
were bonded to the surface to the extent of the maximum
value of the surface tension, only, then these gases might
be desorbed easily. But these gases, particularly those
forming the first layer, interact with the electrostatic forces
at the surface of the MgO crystallite and form strong
combinations of chemical and physical bonds with varying
strengths. Thus, the surface energy is lowered by the
adsorption of gases, but the quantitative decrease in
energy does not represent the force that bonds the gas
molecules to the surface.

The calculated approximations for the adsorption forces
of gases on the surface of MgO (in Tables 1 through 5)
show that the magnitude of the forces between the ad-
sorbed species and the surface depends on both the
location of the adsorbed species on the surface and the
type of interaction between the species and the surface.
For hydroxyls adsorbed on the MgO surface, the magni-
tude of the bond force is highest when the hydroxyl
molecule is located at an active site. The decomposition
temperature for molecules so located cannot be calcu-
lated thermodynamically, because only a few molecules
are being considered; however, the high adsorption ener-
gies suggest that high temperatures would be required
for thermal desorption. Experimental evidence (Ref.7)
shows that hydroxyl present in normal face sites is com-
pletely removed only by temperature of the order of
900°C. Energies calculated here are far higher than that
for normal face sites.

Other experimental investigations that might have re-
vealed the presence of these OH- ions held in active
sites have suffered because of lack of sensitivity for the
small amounts of OH- involved. For example, in studies

by Anderson et al., (Ref. 7) in which the presence of
OH- surface layer on MgO was correlated with extent of
decomposition, it is likely that hydroxyls strongly bonded
at active sites could not be detected by the techniques
used. A-75 A particle (the size used by Anderson et al.) has
approximately 6800 ppm edge sites and approximately
450 ppm corner and end sites. For the configurations
used by Anderson, et al., the limit of IR detectability is
approximately 1300 ppm atomic of OH- (see Appendix C
for calculations). Hydroxyl ions at edge sites are just
above the limit of IR detectability, and the corner and
end site hydroxyls can escape detection of both IR and
volumetric analysis. Hydroxyl ion impurities may remain
in MgO to the heat treatment temperatures (~2200°C)
used at this Laboratory. This finding would be consistent
with mass spectrographic data obtained here that shows
300 to 1000 ppm hydroxyl ions existing in MgO at JPL
that have undergone various heat treatments.

The fact that OH- can exist on the surface of the JPL
material at the temperatures and pressures involved,
leads to analysis of the residence of this OH- as the
material is sintered and the grains grow. The OH- fits
the MgO lattice, as it is almost the same size as an O
Electrical neutrality may be preserved, since Konklin,
et al, (Ref. 10) using nuclear double resonance tech-
niques, have shown unambiguously that the OH- ion
fits in the lattice next to a magnesium ion vacancy. Since
there is a higher density of vacancies at the grain bound-
ary, the OH- should likely be concentrated there. The
facts that the OH- ion is strongly bonded to MgO and
that it can be accommodated by the lattice suggest that
moderate thermal treatment will not reduce the OH- to
the low ppm range. Such limits may be reached only by
fusion-purification or oxidation without the presence of
OH-.

There are ways in which the OH- content in MgO
produced by precipitation and thermal decomposition
may be kept low. The alcohol wash used in the JPL
material handling procedure is one way. The CH,CH.OH
has a dipole moment of the same order as the OH~. In
addition, the CH,CH, group will be bonded by nonpolar
van der Waals forces of nearly the same value as the
dipole bonding. Thus, the CH.CH.OH may exchange for
H.O adsorbed on the MgO, and the excess CH.CH,OH
may dissolve the displaced H.O. Since the CH,CH. is a
larger molecule than the OH- ion, it probably shields a
number of sites from readsorbing OH-. Also, when the
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hydroxyl is attached to a molecule, as with alcohol, the
total adsorption energy is less than when it is adsorbed
as a free radical. The IR spectroscopy data taken here at
JPL, showing lower OH- peaks in MgO that had been
washed with alcohol prior to fabrication, are consistent
with this hypothesis.

The OH- adsorption might also be reduced by intro-
ducing helium or argon to the surface before exposing it to
OH-. Helium and argon will be strongly bonded to the
MgO surface at active sites by electrostatic polarization.
The bond energies are —24.2 kcal/mole for helium and
—54.8 kcal/mole for argon at active end sites. Helium
would appear to be the best, since it has a lower total
adsorption energy (see Table 5) because of its lower

polarizability; and, if entrapped during densification, will
diffuse out faster because of its smaller radius (Ref. 11).

B. Decomposition Reaction

Thermodynamic studies of the decomposition reaction
directed to defining an optimum calcining temperature
showed that, while native magnesite (Ref. 12) and
Mg(OH), (Ref. 13) showed a maximum in activity and
surface area with decreasing calcining temperature, the
basic carbonate used here does not. The surface area of
the basic carbonate falls off rapidly from ~200 m*/g to
about 20 to 30 m?*/g in the temperature range of 400 to
800°C. Thus, lower calcining temperatures should pro-
duce more active powders and, in turn, enhance pressure
sintering,.

VI. CONCLUSIONS

In spite of the lack of extensive data and satisfactory
theory for the composition and structure of the surface
of MgO, some significant conclusions may be drawn. The
nature of the surface of MgO does not permit surface
rearrangement; therefore, gas adsorption will occur to
reduce surface energy. The presence of hydroxyl ions as
the adsorbed specie is very likely because of the high
adsorption energies (> 100 kcal/mole) and the existence
of hydroxy! in the MgO production process. The high

adsorption energies also indicate that thermal treatment
would not be effective in removing hydroxyl ions from
active sites.

It is also concluded that the quantity of active sites is
sufficient to account for the amount of hydroxyl observed
in MgO. Finally, it is suggested that, after thermal treat-
ment, the hydroxy! impurities are most likely to reside
at the grain boundaries.
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APPENDIX A

Calculation of Adsorption Forces

An excellent treatise on the nature of adsorption forces
has been published by de Boer (Ref. 1). The bulk of the
calculations in this report summarize methods and as-
sumptions developed by him, but the application in this
case is to particular species not formerly treated in detail
in other literature.

The calculations for the adsorption of He, A, and OH-
and various available sites on the surface of MgO cubes
were developed with consideration of the following
forces:

1. Coulomb attraction: Electrostatic attraction result-
ing from exchange of an electron

1o

Polar van der Waals: Force resulting from Coulombic
attraction between one end of dipole and surface
field

3. Surface polarization: Force resulting from polariza-
tion of dielectric surface by change of adsorbed ion
and Coulombic attraction

4. Adsorbed specie polarization: Force resulting from
polarization of adsorbed specie by surface field and
subsequent Coulombic attraction

5. Dispersion: Interaction of electronic field of ad-
sorbed specie with that of surface

Also considered were the magnitude of these forces at
Mg+ and O- normal face sites and other-than-normal face
sites (e.g., corners, edges).

1. Coulomb Interaction

When an jon approaches the surface of an ionic com-
pound, there is a Coulomb force interaction. In general,
for a lattice of NaCl type, the energy contribution of the
Coulomb forces takes the following form (Ref. 1):

)

€

1rC

E.=k (A-1)

where
€ = electron charge, statcoulombs
r. = minimum adsorbed ion-surface ion

k, = proportionality constant depending on site

The equation above applies to an ion absorbed over an
Mg+ ion on a {100} face with k; = 0.0662. A different
situation exists with respect to edge, corner, and end
(where crystal growth stops on a face) positions occurring
on freshly formed crystal faces. These crystallographic
locations, because of reduced effect of surrounding re-
pulsive forces, are extremely active spots for adsorption
by electrostatic attraction. Here k;, = —0.0903, —0.2470,
and —0.8737, respectively, for edge, corner, and end
positions. Healing, sintering, and grain growth tend to
reduce the number and activity of such active spots. Also,
other crystallographic faces that generally do not occur
in well developed crystals may exercise stronger forces
than do normal faces. For example, adsorption energy on
a rhombic dodecahedron face of an alkali halide is
k, = —0.2082. For an OH- ion adsorbed over a Mg+
ion as shown in Fig. la, the energy decrease due to
Coulomb interaction can be estimated by use of
Eq. (A-1).

_ —0.66 X 10** ergs

E.
atom

{100} face

In kcal/mole, the values for Coulomb attraction are
—11.5 for a face site, —14.3 for edge, —39.1 for corner
and —138 for an end site. The values for adsorption on
corners and end sites illustrates the high binding energy
involved in Coulombic interactions at highly active sites.
The formulas used above for attraction can also be used
to estimate repulsion energy when an ion approaches a
surface ion of like charge. In repulsion, the energy con-
tribution is positive.

2. Polar van der Waals Force

Molecules that have a permanent dipole will interact
with the electrostatic field that emanates from the surface
of ionic solids. For the adsorption energy to be significant,
two criteria must be satisfied: (1) the negative ions must
form the outer layer, and (2) the dipole must be situated
in the polar molecule in such a way that it can be very
close to the surface. The surface of MgO probably does
not satisfy the first condition, but it is of interest to con-
sider dipole interactions.

The OH- ion satisfies the second condition since the
H atom is very near the periphery of the molecule.
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Figure 1b shows the position of an OH- over an O=. The
center of the dipole molecule at the closest approach to
an oxygen ion (r = 1.4A) is at a distance of 2.28A from
the center of the oxygen ion.

The adsorption energy contribution from dipole inter-

action may be approximated (Ref. 1) by the expression
E,= — Fu (A-2)

where p is the dipole moment and F denotes the electro-
static field of the surface, estimated (Ref. 1) by

8me -
= exp (— 1r\/2r—c>

re = r = 2.28A

€ = 4.803 X 10-** ESU

F=K

(A-3)

where

K = dyne cm?/statcoulomb?
then, by substitution,

_ 582X 10" dyne
ESU

F

If 1.7 X 108 ESU is the value for the dipole moment
of OH-, Ep is —14.25 kcal/mole. This value is probably
slightly higher for MgO, since the oxygen does not com-
pletely screen the magnesium ion and there is a resultant
reduced effective charge. At active sites, the energy from
dipole moment is increased because of reduced repulsion
by the surrounding magnesium ions. The magnitude of
the increase at active sites is less than that for the Cou-
lombic interaction and has been estimated at approxi-
mately 2.5 for an end position.

36.4 keal

Eend = 2-5 Efa(‘e = - mole

(A-4)
The energy at edge and corner sites can be estimated by
considering the increase in repulsion from surrounding
magnesium ions to be in the same proportion as Coulomb
interaction; thus, the values are —14.8 kcal/mole for
edge and —19.1 kcal/mole for comer sites.

3. Polarization of a Dielectric Surface by an
Adsorbed Ion

When an ion is adsorbed on the surface of a dielectric,
there is a shifting of the electrons in the surface atoms
caused by the polarizing effect of the ion. With dielec-
trics, the polarization of the electrons is restricted to the
atoms of the dielectric or to a group of atoms to which
the electrons belong. An ion close to a surface will induce

10

a dipole moment in the neighboring surface atoms. The
energy needed to separate the charges in forming the
dipole and the energy gained by the mutual attraction
of the ion and the dipole are accounted for when the
binding energy for the ion and the atom in the surface
is given (Ref. 1) by:

— ae‘.’

EI

O

Ew = (A-5)

where
r, = distance between atom and surface, cm
a = polarizability, cm?® (Table A-1)

= electron charge, statcoulombs

The adsorption energy of the nearest atom, only, is con-
sidered in the above equation. The fact that surrounding
atoms also contribute to this energy requires a compli-
cated summation process to include all contributions. A
more satisfactory value for the adsorption energy caused
by electrostatic induction energy resulting from electro-
static induction for the system of an OH- ion adsorbed on
the surface of MgO is

—e (K—1
Eea=4—:“EK—+2; (A-6)

where K is the dielectric constant.

The dielectric constant K for MgO is 9.65. Thus, E..
for a hydroxyl adsorbed over an Mg" ion in MgO
(Fig. 1a) is 29 kcal/mole. On active sites, such as corners
and edges, the magnitude is less; and at crystal-end posi-
tions, it is negligible. At active sites created by lattice
disturbances and holes, the magnitude will be higher.

Table A-1

Polarizability (Ref. 14)
He 0.201 X 107 cm®
A 1.68 X 107 ¢m’
Mg+ 0.094 X 107 cm’
o= 3.88 X 10% cm®
F- 1.04 X 10 em®
OH~ “3.83 X 107 cm?

8Calculated from dipole moment.
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4. Electrostatic Polarization of an Adsorbed Molecule

The energy contribution by electrostatic polarization
of the adsorbed molecule or atom permits adsorption of
species that do not possess permanent dipoles—for ex-
ample, inert gases are induced to have the same behavior
as molecules with permanent dipoles. The ratio between
adsorption on a face to that at an active spot is nearly the
same as in the case of adsorption of ions and far greater
than in the case of dipole interactions described earlier.
The electrostatic polarization contribution to adsorption
may be estimated by the de Boer equation:

L, a
Ea = "‘F"—z (A-7)

where
F = value described in Eq. (A-3)
a = polarizability (Table A-1)
For argon over Mg+ (Fig. 1c), E. = —4.8 kcal/mole.

At active sites, the contribution by electrostatic polar-
ization, which is very high, is estimated to be as high as
11.5/1 for an end position. An equation of the form of
Eq. (A-4) is satisfactory for estimation of active site
adsorption. Thus, for argon over Mg*, the energy in an
end position is —54.8 kcal/mole. Use of the same ratio
as Coulombic interaction, the energy is determined to be
—19.1 kcal/mole for a comner site, and —9.6 kcal/mole
for an edge.

Because of the unhomogeneity of the electrostatic field
of an ionic surface, it has been recommended (Ref. 1)
that the argon atom be divided into volume elements
and used an integral to evaluate the adsorption energy.
The adsorption energy for argon adsorbed over a potas-
sium ion in KCI is computed as —0.45 kcal/mole by
Lenel’s method and —0.25 kcal/mole by Eq. (A-7). The
Lenel method for evaluating argon adsorption over a
magnesium ion in MgO would suggest an energy value
of —8.56 kcal/mole.

The contributions to adsorption energy were found for
helium and hydroxyl by use of Eq. (A-7).

Helium over an Mg** (Fig. 1d)

E.,. = —2.1 kcal/mole
E.,, = —26kcal/mole
E...... = —69kcal/mole
E. = —24.2 kcal/mole

end

Hydroxyl over an Mg+ (Fig. 1a)

E, . = —13kcal/mole

Es,. = —15.9kcal/mole
Es 0o = —42.8 keal/mole
E.,, = —149kcal/mole

Hydroxyl over O- (Fig. 1b)

E.,. = —32kcal/mole
Eq,. = —3.9kcal/mole
E.. ... = —10.5 kcal/mole
E. = —36.5 kcal/mole

5. Dispersion Force

Dispersion forces are always present in any combina-
tion of molecule and surface, and they always lead to
attraction. Dispersion forces result from the polarization
of each one of the participating molecules of any pair by
the continuously changing field that arises from the
electronic movements in the other partner. Various equa-
tions have been developed for the calculation of the
appropriate force, the majority of which yield reasonable
results. Selection here was based on availability of ap-
plicable data.

E— — 3eh a; a, _ ks
- Anr'm™ (ﬁ_) iy N (l{) Tz - s
n, n. (A-8)

k, = constant based on particular species
E = adsorption energy, ergs/atom
h = Planck’s constant

-~
I

approach distance
€ = electron charge
o = polarizability (see Table A-1)
m = electronic mass
n = number of electrons outer shell
In Eq. (A-8), k; may be evaluated for the interaction of
various adsorbed gases in various locations on the surface
using the appropriate polarizabilities from Table 5. The

adsorption energy E is then determined from the spacing
between the adsorbed atom and each of various nearest
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neighbors r until the interaction becomes negligible.
Summation of the interactions then yields the appropriate
dispersion energy. In the case of OH~ over a magnesium
site, a 40% reduction (Ref. 1) was used to approximate
the effect of repulsion force of the second nearest neigh-
bors, in this case, the O- ions.

The exact location of the adsorbed atom on the surface
affects the calculated energy. Ions would be adsorbed
over sites of opposite charge because of Coulomb attrac-
tion; however, uncharged atoms are reported (Ref. 14) to
reside over interstitial sites. The approximate sites were !
used in these calculations of dispersion energy.

APPENDIX B

Calculation of Number of Active Sites

The number of sites may be calculated from the
geometry and size of cubes.

1. Number of Surface Sites

For a minimum detectable surface coverage of 0.5%,

v, = £}
N, =2
Up
a, = 6 l;
am = a, X N,
an
NOH‘ - dom-
Number fraction OH- = NZ%H’

where
£, = length of cube edge, A
v, = volume of particle, A®
vm = molar volume = 11.25 cm?®/mole for MgO
N, = number of particles/mole

a, = surface area/particle, A*

12

an, = surface area/mole, A2
Nou- = number of OH-/mole
aou- = area covered by OH- = 9.1 A? (Ref. 7)

Surface ppm atomic OH- @ 0.5% monolayer

4 N NOI[’
— -3 -6
5% 107 X 107 X —
6.1 X 10
=

2. Number of Active Edge Sites for OH-

L,=61,N,
Lnl
NOH’ - 10”
. __ Nou-
Number fraction OH- = N

Now _ 32X 107
N T L,

edge ppm atomic = 10"
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where
’; L., = total edge length/mole (A)
‘ Lou- = length of OH- = (9.1 A%)**
F = 3054
| 3. Number of Active Corner Sites for OH-
: Nou- = nc N,
| Number fraction OH- = N;]H_

. Nox- 1.48 X 10*
corner ppm atomic = 10° =
N 23

|
{ where n, = number of corners/particle = 8§

With adsorption in 10-cm length of H.O vapor and
l-c? beam, the detection limit is approximately 1-mm
pressure.

Atomic sensitivity OH-
= mN = 3.54 X 10*" molecules
where
N = Avogadro’s number

m = gas moles in sample

4. Number of Active End Sites for OH-

Nou- = n. am
Number fraction OH- = -—NT(\’]—}—';

Now- _ 112 X 10
N L

end ppm atomic = 10°

where n; = number of ends/particle — not directly
known, estimate at 1 end/10"2 cm?® of surface area. (The
calculation shows that for the number of these sites to be
equal to the 0.5% monolayer, there would need to be an
end located about every 10 atomic distances).

APPENDIX C

Theoretical Sensitivity of IR Spectroscopy for OH"

V = sample volume = 10 cu?
M = molar volume 22.4 I/mole

p = pressure = 1/760

For a typical MgO sample, 50% dense and 0.1-mm
thick, in a 1-cm? beam, we have 4.5 X 10~* moles or
2.7 X 10%° atoms. Sensitivity for OH- in this size sample
is expressed as

354 X 10"

27100 1300

Sensitivity ppm atomic OH- = 10°

13
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